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ABSTRACT

Identifying the key drivers for success of multiple fractured horizontal wells is not
straightforward, especially in unconventional reservoirs like the Montney. Al-Alwani et
al. (2015) provided a statistical analysis of Montney completions based on publically
available data. They showed that for the entire well population, cumulative gas recovery
per stage, declines as the number of completed stages increase. However, their statistical
analysis did not differentiate between completions in the Upper/Middle/Lower Montney,
and did not include perforation cluster data.
This work documents the statistical analysis of 296 cased-hole horizontal gas well
completions reported in the Upper and the Lower Montney. The work extends the previous
statistical study of the Montney completions by including completion cluster information
and examining the performance of the Upper and the Lower Montney completions
separately.
Results of this analysis show that cumulative gas production per cluster decreases
as more perforation clusters are placed in both the Upper and the Lower Montney. The
study demonstrates that the cumulative gas production/cluster and initial gas production
(IP) is higher for the Upper Montney than the Lower Montney, and how completion design
affects well performance.
This study is beneficial as it provides a statistical analysis of horizontal gas well in
both the Upper and the Lower Montney, and compares completion performance for the two
zones.
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1. INTRODUCTION

1.1. OVERVIEW
Unconventional hydrocarbon accumulations (e.g., tight gas, shale gas, liquid-rich
shales, and coal bed methane) are variable and hard to characterize overall. However, they
are often lower in resource concentration, dispersed over large areas, and need well
stimulation or additional extraction or conversion technology. Additionally, these
accumulation are often more expensive to develop per unit of energy and require a higher
price to be economic (National Energy Technology Laboratory, 2013).
In gas shale reservoirs, the ultra-low matrix permeability is incapable of flowing
gas at viable rate and cannot provide sufficient drainage volume without hydraulic
fracturing. Multi-stage hydraulic fracturing has become the key technology for completing
horizontal wells in shale gas reservoirs and increase their production. In each stage,
multiple perforation clusters are used to create multiple transverse fractures. The way of
placing these clusters significantly affects both the short-term and long-term production
performance of horizontal shale gas wells. Within the current low oil and gas price
structure, it is preferable to manage the number of effective fractures along a long
horizontal wellbore. Therefore, the economic feasibility and recovery improvement of a
horizontal well mostly rely on the effectiveness of hydraulically created fractures (Cheng,
2010).
The rapid growth in technology to produce and develop ultra-low permeability
reservoirs add more difficulties and uncertainty to the well performance characterization
and analysis. The uncertainty is mainly because of lack of understanding of the production
mechanisms, factors controlling production rates, the physics of multistage completion and
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behavior of these reservoir systems. There is also uncertainty related to establishing the
long-term production decline in these reservoirs (Okouma Mangha et al. , 2012).
The objective of oil and gas industries is to use optimum completion practices that
aid in recovery of hydrocarbons from these resource plays. There are many ways used
among operators to achieve this goal. Some choose a ‘trial and error’ method of drilling
to find a solution. For example, an operator tested 800 wells in the Fayetteville Shale to
understand well spacing. While this technique can be productive, it can be very expensive.
Others prefer to use empirical approaches which include data mining of public and
proprietary databases. Operators with access to high resolution rate and pressure
information prefer methods based on analysis of well performance. Reservoir simulation
of multi-fractured horizontal wells (MFHW) is still too complicated and time consuming,
even if it is very valuable on a well-by-well basis (Okouma Mangha et al. , 2012).
In 2012, Okouma Mangha et al. summarized some of the specific difficulties in
characterizing unconventional reservoirs (resource plays):


Failure to differentiate between hydraulic fractures and reservoir contributions from
limited production/pressure history



Lacking or inadequate knowledge about hydraulic fracture geometries in horizontal
wellbores: bi-wing fractures, dentritic fractures and/or complex fracture geometry



Uncertainty of the stimulated-reservoir volume (SRV) contribution compared to the
surrounding unstimulated reservoir volume



Insufficient understanding of petrophysical/reservoir properties variations and their
accuracy



Predominantly linear flow, as opposed to the conventional radial flow
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Predominantly transient flow as opposed to the conventional boundary dominated flow



Pressure-dependent rock properties



Adsorption gas storage mechanics
Given these challenges, operators have been struggling with applying conventional

analytical techniques to identify optimum completions in shale plays. Statistical methods
have obtained wide acceptance in trying to evaluate and understand the different
stimulation factors and completion applications to know the best practices (Al-Alwani et
al., 2015).
Data mining is an important tool for optimizing production in unconventional
reservoirs. This operation includes gathering data from multiple sources with varying
levels of aggregation, detail, and quality. Data sets typically include many variables to be
analyzed. However, there are many statistical methods that can be used to analyze data and
summarize the results. These methods were developed to work very well in certain
scenarios but can be a terrible choice in others. The analyst may or may not be experienced
in using these methods. The question for both the analyst and the consumer of data mining
analyses is, “What difference does the method make in the final interpreted result of an
analysis?” (Zhong, 2015).
This work presents an application of data mining and statistical analysis of 296
cased-hole horizontal gas well completions reported in the Upper and the Lower Montney
to get a clear understanding for the effects of completion parameters on gas production
performance. The study also provides a statistical comparison between the gas well
performance in the Upper and the Lower Montney formation.
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1.2. MONTNEY PLAY
The Lower Triassic Montney Formation exists on the west side of the Western
Canadian Sedimentary Basin. This shale play is extensive, covering 57,000 square miles.
The total formation thickens westward to over 980 feet. In recent years, the Montney has
emerged as one of North America’s top resource plays. Since 2008, there have been more
than 3,200 horizontal, multi-stage wells drilled and completed targeting the Montney. As
development proceeds, operators have realized that heterogeneities in the Montney require
variable techniques of completions to achieve optimal results within each region of the play
(Seifert et al., 2015).
Since the 1950s, The Montney Formation of Alberta and British Columbia has
been the target of oil and gas explorations with industry mainly focusing on the Montney’s
conventional sandstone and dolostone reservoirs. These conventional hydrocarbon
accumulation are encased in siltstone, which represents a far greater volume of rock within
the formation and also contains oil and gas. However, Montney siltstones remained
undeveloped until 2005, when advances in horizontal drilling and multi-stage hydraulic
fracturing made it possible to economically develop this extensive, unconventional
resource (National Energy Board, British Columbia Oil & Gas Commission, Alberta
Energy Regulator, 2013).
The Montney Formation’s marketable, unconventional petroleum potential was
evaluated in a joint assessment by the National Energy Board, the British Columbia Oil
and Gas Commission, the Alberta Energy Regulator, and the British Columbia Ministry of
Natural Gas Development. The thick and geographically extensive siltstones of the
Montney Formation are expected to contain 12,719 billion m3 (449 Tcf) of marketable
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natural gas, 2,308 million m3 (14,521 million barrels) of marketable natural gas liquids
(NGLs), and 179 million m3 (1,125 million barrels) of marketable oil (National Energy
Board, British Columbia Oil & Gas Commission, Alberta Energy Regulator, 2013).
The Montney Shale is a hybrid of a shale reservoir and tight gas reservoir. The
Montney Shale is rich in silt and sand, similar to tight gas, but the natural gas originates
from the organic matter in the formation, making it a shale. The Montney is shallow and
brittle, making hydraulic fracturing operations more successful than in some of the other
Canadian shale basins. However, it has very low permeability and needs higher levels of
fracture stimulation for successful extraction because of the existence of siltstone and sand
throughout the formation (Petroleum Technology Alliance Canada & Science and
Community Environmental Knowledge Fund, 2012).
Two producing zones exist in the Montney Formation; the Upper Montney, a light
brown, blocky siltstone with interlaminated fine-grained sands, and the Lower Montney, a
dark grey, dolomitic siltstone, interbedded with shale. There is considerable reservoir
quality variance throughout both zones. Development of this unconventional gas reserve
depends on horizontal well technology with multiple fracture stages placed along the
horizontal wells (Burke et al., 2011). Figure 1.1 illustrates the production zones in the
Montney Formation where the blue stars refer to the location of Upper and Lower Montney
Formation.
The Upper and the Lower Montney Formations are deposited in cycles on a scale
of tens of meters in thickness, each one of these cycle containing fine scale laminated silts
with varying degrees of Total Organic Carbon (TOC). Table 1.1 shows the comparison
between the properties of these two production zones (Sadeghi, 2013).

6

Figure 1.1. Montney Producing Zones (Seifert et al., 2015).

Table 1.1. Rock Properties in Upper and Lower Montney Formation.
Properties

Lower Montney

Upper Montney

Porosity

4‐6%,

2‐8%

Permeability

0.005 md

0.006 md

Quartz

44%

39%

Feldspar

11%

12%

Carbonate

8%

21%

Clay

27%

17%

Total Organic Carbon (TOC)

2.3%

1.3%

Water Saturation (SW)

11%

12%

Mineralogy
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Figure 1.2 and Figure 1.3 show core samples from Upper and Lower Montney
Formation, respectively.

Figure 1.2. Upper Montney Core Sample (Sadeghi, 2013).

Figure 1.3. Lower Montney Core Sample (Sadeghi, 2013).

Figure 1.4 presents a generalized map showing the location of the Montney
Formation in the subsurface of Alberta and British Columbia along with the major rock
lithologies of the play.
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Figure1.4. Generalized Map Showing the Location of the Montney Formation (National
Energy Board, British Columbia Oil & Gas Commission, 2013).

9
1.3. OBJECTIVES OF THE STUDY
This work documents a statistical analysis of 296 cased-hole horizontal gas well
completions reported in the Upper and the Lower Montney. Al-Alwani et al, 2015,
provided a statistical analysis of Montney completions based on publically available data.
He showed that for the entire well population, cumulative gas recovery per stage, declines
as the number of completed stages increase. However, his statistical analysis did not
differentiate between completions in the Upper/Middle/Lower Montney, and did not
include perforation cluster data.
The work extends the previous statistical study of Montney completions, by
including completion cluster information, and examining the performance of the Upper and
the Lower Montney completion separately.
The research also attempts to answer completion performance questions such as:


How many stages are required for optimal completing well?



How many perforation clusters per stage are ideal?



What is the effect of facture spacing on the production?



What is the production performance in different zones of this formation?



How does increasing proppant and fluid volume for each perforation interval affect
well production performance in each production zone?
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2. LITERATURE REVIEW
Several studies have shown the effects of completion and stimulation
methodologies on the well's production performance with the unconventional resources.
Some authors use analytical and practical data mining approaches to evaluate well
completion and fracture stimulation parameters to get a better understanding about these
play resources. . Because it is time consuming, others prefer to use simulated models for
specific areas in these play resources. This section reviews works related to simulated
models and practical applications of data mining and statistical analysis in North America’s
unconventional resource plays.
In 2010, Cheng used reservoir simulation models to investigate the impact of the
number of clusters and cluster spacing on production performance and economics for a
horizontal well with multi-stage multiple transverse fractures. He presented four cases to
show how the number of perforation clusters and cluster spacing affect a well’s gas
recovery and economics. All cases have the same lateral length (3000 ft), but vary with the
number of stages and cluster spacing.
Cheng found that increasing the number of perforation clusters in one stage can
lower the initial gas rate and the cumulative gas production because the width growth of
center and sub-center fractures is inhibited under certain fracture spacing and geomechanical properties of the reservoir. In addition, decreasing the cluster spacing can
significantly reduce gas production when the cluster spacing is reduced to an inadequate
size, with which the width growth of fracture is strongly inhibited due to the mechanical
interaction. The recommendation of this study was that fracture treatment design should be
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optimized by taking into consideration the variations of fracture geometry and resultant
flow capacity due to stress concentration effect.
In 2011, Modeland et al. presented a statistical analysis of the effects of completion
methodology on production of the Haynesville shale. The dataset, which was built by
combing completion variables of 286 wells with public production data, distributed in six
groups. The result of this study showed that the Haynesville well production is heavily
dependent on the geographic location and the total number of stages. In addition, proppant
concentration and placement strategy have significant impact on the production and affect
fracture conductivity due to the softness of Haynesville shale. The study also showed that
increasing the number of clusters in a specific treatment stage will raise uncertainty as to
where the proppant and fluid will ultimately end up. However, by running fewer
perforation clusters over the same lateral length, an operator would have to perform more
treatment stages over the entire wellbore in order to create the same number of fractures.
Reducing the cluster spacing and increasing the number of stages increases the completion
time unless the operator sacrifices stimulating certain areas of the wellbore by increasing
the spacing length between the clusters.
Another play-wide statistical analysis was conducted by Centurion in 2011 on the
Eagle Ford Shale. The study summarizes the information for approximately 1,000
hydraulic fracturing stages performed in more than 80 wells in the Eagle Ford shale
formation. The analysis also documents a data-mining study of well, multistage hydraulic
fracture treatments, production parameters, and completion techniques. A Geographical
Information System (GIS) pattern-recognition technique was used to map and plot well
data. The recommendation of this study was that drilling and completion strategies must
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be determined after analysis of mineralogy and properties within a specific geographic area
since the Eagle Ford shale is extremely heterogeneous in terms of both mineralogy and
rock mechanical properties.
A comparative study conducted by Wilson et al. (2011) analyzed two different
multistage hydraulic fracturing technologies applied in the Lower Montney Formation
which were represented by cemented liner and openhole multistage system (OHMS)
completions. The analysis was made on field data from 15 wells that were divided into
two separate geographical areas within the same field. The comparisons in this study
included production analysis, lateral lengths, number of stages, stage spacing, proppant
volumes, and pump rates. Additionally, operational time and cost comparisons were
determined on a per-well and per-stage basis for both technologies.
This study concluded that the application of OHMS completion technology is more
suitable for the Lower Montney in the region of the play that was studied than the cemented
liner completion technique. The study showed that initial production rates and overall
cumulative production for the application of OHMS completion technology are greater
than what result from cemented liner completed wells. The results illustrate that both the
average total cost of completion and the average cost per stage in conducting cemented
liner jobs were higher than employing OHMS completions. In addition, less time was
required to perform the fracture stimulation job when OHMS technology was used as
compared to cemented liners.
Another Montney play-wide performance analysis was done by Okouma Mangha
et al. in 2012. This study showed a unique combination of analytical and numerical
techniques to better understand shale gas well performance behavior and predict long-term
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performance of these wells. It uses a consistent workflow for analyzing 74 multi-stage
fractured horizontal wells in the Montney shale. The study covered five producing areas
(A, B, C, D, and E), two different completion styles (50 m versus 100 m frac spacing), and
three different initial production strategies (unrestricted through highly constrained, which
might be related to the reservoir quality, i.e. lower rock quality will require higher
drawdown). The main results of this study were that wells completed at 50 m fracture
spacing (using 30 tonnes of proppant per cluster) performed similarly to those with 100 m
spacing (using 60 tonnes per cluster), and the 30-yr P50 predicted that the final recovery
of the 50 m and 100 m spacing wells were very similar. Also, more clusters successfully
initiated producing fractures in the 100 m wells compared to the 50 m wells. Additionally,
the study indicated wells that were produced without restrictions (high drawdown) showed
the lowest productivity, highest completion resistance (skin) to flow, and lowest predicted
final recoveries.
In 2012, a study conducted by Lafollette et al. over the Bakken formation of the
Eastern Williston Basin analyzed well and production data, beginning with more than 400
wells in the greater Sanish-Parshall area. This study included a combination dataset from
the North Dakota Industrial Commission Oil and Gas Division, public data, and in-house
proprietary data. The aim of the study was to show that the application of practical datamining methods to an intermediate-size shale oil (light, tight oil) well data set could result
in learning key lessons that may not be apparent when working with small datasets.
The study used GIS pattern recognition techniques along with other data-mining
techniques to interpret trends in the data sets. The study was prepared to find the relevant
trends in the distribution of production of wells completed with fracturing sleeves and
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packers, plugged and perforated, or complex completions in order to determine potential
differences in productivity that needed to be factored into the completion
recommendations. Trends and completion type examined in the project included treatment
parameters such as fracturing fluid types and quantities, proppant types and quantities,
number of completion stages and stage lengths, perforation cluster spacing and length, and
calculated perforation friction drop. The most important points that came out of this study
were that production efficiency decreases when the lateral length increases, and production
per stage decreases while stage counts increase. Additionally, decreasing the average
proppant concentration will effect negatively on well productivity.
In 2013, Roth and Roth used an analytical method to optimize well spacing and
completions in the Bakken/Three Forks plays. This study showed the optimum well
spacing between the wells within the single and adjacent formations to reduce the problem
of fracture communication between neighboring Three Forks and Middle Bakken, as
treatment fluid from the completed wells in Three Forks was being produced back by the
adjacent Middle Bakken wells. Combining the geological and engineering information in
a multi-variant analysis and isolating the impact of individual parameters on the well
performance were accomplished by applying analytical techniques to the production and
well parameters. For the results of this study, insights were obtained about the optimum
well proximity for controlling well interactions and optimizing well recovery factors.
In 2014, Shelley et al. presented a study of understanding multi-fractured horizontal
Marcellus completions. This study used neural network (ANN) modeling techniques to
develop a predictive model which can show performance drivers and evaluate completion
effectiveness for hydraulically fractured horizontal Marcellus completions located in
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Susquehanna County, Pennsylvania. The ANN models are accomplished with using the
information from 34 wells that have been randomly selected from the database of this
study.
The results from the ANN model estimates that with more effective completion and
fracture design these wells would have produced significantly more gas during the first six
months of production. Also, geology and reservoir quality control Marcellus production.
The data in this study indicates that gas production is dominated by depth and thickness of
the Marcellus shale. In addition, measurements taken during horizontal drilling operations
are also indicators of Marcellus productivity. Higher average gas counts and higher average
methane fraction are indicators that a wellbore penetrated better quality rock. Furthermore,
controllable contact and conductivity related parameters also significantly affect Marcellus
gas production. The model predicts higher gas production as the number of fracture
treatments increases. The next highest impact factors are proppant mass (40/70 sand) and
net perforated lateral length.
In 2015, Seifert et al. conducted a study of optimizing completions within the
Montney Resource Play. The aim of this study was to characterize liquid-rich gas trends
across 24 geological intervals in Alberta and British Columbia, including the Montney.
Over 530,000 gas analyses and 250,000 oil analyses were used to map liquid trends
distributed among three resource play areas (Stoddart- Boucher, Tupper & Kaybob South).
This study, along with regional maps, shows the present day isotherms, pressure
systems, and depositional facies of the Montney. They concluded that there is no one
optimal completion type for the Montney. They recorded different completion programs
being used in the different areas. The influence of Pressure-Temperature-Facies controls
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did not seem to be a strong factor in the selection of the different completions technologies
in the three resource play areas that they investigated, but it did seem to be a factor in base
fluid selection.
A play–wide data mining and statistical analysis of completions in the Montney
Formation was presented by Al-Alwani et al. in 2015. In this study, more than 3,300
horizontal wells were characterized according to lateral length, completion type, number
of stages, fracture fluids pumped, proppant loading, costs, and production. The study used
the statistical software JMP to find key relationships between well data. Both regression
analysis and statistical ‘heat maps’ were used to correlate and visualize data trends.
This study showed that cased and cemented horizontal wells in the Montney
Formation had significantly better initial productivity (+31%) and first year cumulative
(+42%) than open hole external packer completion systems. In addition, the cased and
cemented wellbores had fewer stages (-40%), larger stimulations (+390%), and increased
costs (+14%). Furthermore, wells with the smallest frac fluid load recovery have the best
cumulative gas recovery with time, and spending more for the completion translates into
higher production. Also, the actual production per stage decreases as the number of treated
stages increases.
Unlike previous studies, this study analyzed 296 cased hole horizontal wells
distributed in upper and lower Montney resource play using JMP statistical software to
show the effect of completion parameters on gas production performance in each
production zone.
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3. METHODOLOGY

3.1. DATABASE CONSTRUCTION
A database of 2487 horizontal well completions in Montney Formation was
constructed by extracting well data from a commercial database. In order to process the
data in JMP software, it must be in the form of a JMP data table. The data table looks like
a spreadsheet with some enhancements.
Figure 3.1 is a snapshot from part of the JMP data table of the Montney dataset. The
data table in this figure contains 56 columns and 2487 rows, as indicated by the red
rectangles. Each column represents a variable in the dataset and each row represents an
individual well.

Figure 3.1. JMP Data Table.
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The original well parameters which are included in the dataset of this study are
illustrated in Table 3.1.

Table 3.1. Original Well Parameters in the Dataset.
#

Parameter

#

Parameter

1

UWI (Unique Well Identifier)

19 Recovered Load Fluid (m3)

2

Field Name

20 Completion Type (Open / Cased)

3

Operator Name

21 Base Fluid Group (Water / Oil)

4

Completion Date

22

5

Stimulation Company Name

23 Energizers (CO2, N2, CO2/N2)

6

AFE Completion Cost (K$)

24 IP Water (bwpd)

7

AFE Drilling Cost (K$)

25 IP Oil (bopd)

8

Total End of Completion Cost
(K$)

Base Fluid (Slick Water, Surfactant,
Water, Oil)

26 IP Gas (mcf/d)

9

Total End of Drilling Cost (K$)

27 Water Production 6 Months Cum. (mbw)

10

Completed Lateral Length (m)

28 Water Production 12 Months Cum. (mbw)

11

Number of Stages Attempted

29 Water Production 18 Months Cum. (mbw)

12

Actual Number of Stages

30 Oil Production 6 Months Cum. (mbo)

13

Total Proppant Designed (tonne)

31 Oil Production 12 Months Cum. (mbo)

14

Total Proppant Placed (tonne)

32 Oil Production 18 Months Cum. (mbo)

15

Total Fluid Pumped (m3)

33 Gas Production 6 Months Cum. (mmcf)

16

Avg. Frac. Spacing (m)

34 Gas Production 12 Months Cum. (mmcf)

17

Avg. Closure Gradient (Kpa/m)

35 Gas Production 18 Months Cum. (mmcf)

18

Pumped Load Fluid (m3)
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Of the 2487 horizontal well completions extracted for study, only 296 cased-hole
completions had well, completion and production data designated separately for both the
Upper and the Lower Montney (referred to as ‘pools’ in the database). Clusters information
and pool data were identified for 296 cased-hole horizontal gas well completions by
reviewing the completion reports of these wells. To get more accurate results while doing
the analysis for this database, we classified the data to Upper and Lower Montney
according to the pool data that was available. The next step was calculating parameters to
show the effect of completion parameters on gas production, as shown in the Table 3.2.

Table 3.2. Calculated Parameters in the Dataset.
#

Parameter

1

18 Months Cum. Gas Production/Avg. No. of Clusters (mmcf/cluster)

2

12 Months Cum. Gas Production/Avg. No. of Clusters (mmcf/cluster)

3

6 Months Cum. Gas Production/Avg. No. of Clusters (mmcf/cluster)

4

18 Months Cum. Gas Production/Actual Stages Number (mmcf/stage)

5

12 Months Cum. Gas Production/Actual Stages Number (mmcf/stage)

6

6 Months Cum. Gas Production/Actual Stages Number (mmcf/stage)

7

Total Proppant Placed/Avg. No. of Clusters (tonne/cluster)

8

Total Fluid Pumped/Avg. No. of Clusters (m3/cluster)

9

Total Fluid Pumped/Actual Stages Number (m3/stage)

10

Total Proppant Pumped/Actual Stages Number (tonne/stage)

20
3.2. DATABASE SCREENING AND ANALYSIS
In order to get a clear understanding for the database content, various parameters
were examined to get a sense of the data available in both the Upper and the Lower
Montney Formation. The data screening is discussed in the following sub-sections.
3.2.1. Distribution of Fields in Montney Formation. Within the database, 134
wells were distributed among 10 fields in the Lower Montney Formation, as shown in
Figure 3.2. Forty-eight percent of the wells were completed in the Northern Montney Field
while 44% of wells were completed in Regional Heritage Field. The other wells were
distributed among the following fields: Beg West, Green Creek, Pouce Coupe South,
Aitken Creek North, Nig Creek, Pouce Coupe, Sunset Prairie, and Town.

Figure 3.2. Fields Distribution in Lower Montney.
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In Upper Montney, 163 wells were dispersed among five fields, as shown in Figure
3.3. Regional Heritage Field has 64% of the total number of the wells completed in the
Upper Montney Formation while 33% of wells were completed in Northern Montney Field.
The other wells were distributed among Other Areas, Sunrise, and Caribou-Bc Field.

Figure 3.3. Fields Distribution in Upper Montney.

3.2.2. Distribution of the Average Number of Clusters. The ‘average’
clusters/stage for a well is defined as the total perforation intervals divided total treated
stages. This ‘average’ clusters/stage is then considered uniform along the lateral, for each
specific well in the database.
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Figure 3.4 shows an example of a horizontal well with three stages and each stage
has a different number of clusters. The first stage with one cluster includes eight
perforations. The second stage has two clusters and each cluster contains four perforations.
The third stage has three clusters and each one has two perforations. The ‘average’
clusters/stage in this case is two clusters/stage.

Figure 3.4. Different Patterns of Clusters.
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Distribution of the average number of clusters in the Lower and the Upper Montney
are shown in Figure 3.5 and Figure 3.6, respectively. In the Lower Montney, 59% of the
wells were completed with three cluster/stage and 27% of the wells were completed with
one cluster/stage. In contrast, 50% of the wells in the Upper Montney were completed with
one cluster/stage and 30% of the wells were completed with three cluster/stage. The
number above each column represents the percentage of wells that use specific patterns of
cluster.

Figure 3.5. Distribution of the Average Number of Clusters in Lower Montney.
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Figure 3.6. Distribution of the Average Number of Clusters in Upper Montney.

3.2.3. Distribution of Fracture Spacing. Fracture spacing is defined as the
distance between the midpoints of the first and the last stages divided by one less than the
number of actual stages. If the stage depths are not available, the distance between the first
and last fracture portions is divided by one less than the number of actual stages. If neither
of the previous cases are available, the maximum stage depth subtracted by the minimum
stage depth is divided by one less than the number of actual stages (Canadian Discovery,
2015). Figure 3.7 shows an example that includes three cases of calculating the fracture
spacing.
Figure 3.8 and Figure 3.9 show the distribution of fracture spacing in the Lower
and the Upper Montney, respectively. In the Lower Montney, 37% of the wells were
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completed with fracture spacing equal 200 meters which is close to the mean value of
fracture spacing (244.65 meters). In Upper Montney, 36% of the wells were completed
with fracture spacing equal 200 meters which is close to the mean value of fracture spacing
(211.25 meters). The maximum fracture spacing in both Upper and Lower Montney is 550
meters. The number of wells that have fracture spacing data is 41 and 47 wells in the Lower
and the Upper Montney, respectively.
3.2.4. Distribution of Actual Number of Stages. Distribution of the actual number

of stages in both the Lower and the Upper Montney is shown in Figure 3.10 and Figure
3.11, respectively. In the Lower Montney, 60% of the wells tend to use 8 to 9 stages per
well while 57% of the wells used 8 to 10 stages per well in the Upper Montney. By
comparing the mean value of actual number of stages in both the Upper and the Lower
Montney, it can be seen that the trend shows putting more stages per well in the Upper
Montney than that in the Lower Montney. The number of wells that have actual stage
number data is 134 and 163 wells in the Lower and the Upper Montney Formation,
respectively.
3.2.5. Distribution of Initial Gas Production (IP Gas). Figure 3.12 and Figure
3.13 show the distribution of initial gas production in the Lower and the Upper Montney,
respectively. In the Lower Montney, the maximum value of IP gas is 8,500 msf/day, while
the maximum IP gas in the Upper Montney is 8,000 msf/day. By comparing the mean value
of IP Gas in both the Lower and the Upper Montney, it is evident that IP gas from the
Lower Montney (3,526.3 msf/day) is higher than the IP gas from the Upper Montney
(3,387.52 msf/day). The number of wells that have initial gas production data is 97 and 127
wells in the Lower and the Upper Montney, respectively.
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Figure 3.7. Calculating Fracture Spacing.
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Figure 3.8. Distribution of Fracture Spacing in Lower Montney.

Figure 3.9. Distribution of Fracture Spacing in Upper Montney.
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Figure 3.10. Distribution of Actual Number of Stages in Lower Montney.

Figure 3.11. Distribution of Actual Number of Stages in Upper Montney.
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Figure 3.12. Distribution of IP Gas in Lower Montney.

Figure 3.13. Distribution of IP Gas in Upper Montney.
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3.2.6. Distribution of Fluid Pumped. The distribution of the fluid pumped in the
Lower and the Upper Montney are shown in Figure 3.14 and Figure 3.15, respectively. The
higher amount of fluid pumped in the Lower Montney was 2,800 m3, while in the Upper
Montney, up to 3,500 m3 was pumped due to the difference in the lithology and resistance
of the rock. From comparing the mean value of pumping fluid, it can be seen that more
fluid was used in the Lower Montney than in the Upper Montney. In both the Upper and
the Lower Montney, most of the wells were treated with less than 1500 m3 of fluid pumped.
The number of wells that have fluid pumped data is 117 and 125 wells in the Lower and
the Upper Montney, respectively.

Figure 3.14. Distribution of Fluid Pumped in Lower Montney.
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Figure 3.15. Distribution of Fluid Pumped in Upper Montney.

3.2.7. Distribution of Proppant Placed. Figure 3.16 and Figure 3.17 show the
distribution of total proppant placed in the Lower and the Upper Montney, respectively.
From comparing the mean value of proppant placed, it is evident that the amount of
proppant placed in the Upper Montney is higher than that in the Lower Montney. The
majority of the wells in the Lower Montney were stimulated by placing proppant up to
1600 metric tons while in the Upper Montney the wells were stimulated by using proppant
up to 2000 metric tons. The number of wells that have total proppant placed data is 133 and
162 wells in the Lower and the Upper Montney, respectively.
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Figure 3.16. Distribution of Proppant Placed in Lower Montney.

Figure 3.17. Distribution of Proppant Placed in Upper Montney.

33
3.2.8. Distribution of Completed Length. The distribution of completed length in
the Lower and the Upper Montney is presented in Figures 3.18 and 3.19, respectively. In
the Lower Montney, 72% of the wells were completed with lateral length between 1400 m
to 1700 m. In the Upper Montney, 50% of the wells were completed with the same range
of lateral length. The mean value of lateral length is equal to 1374.359 m and 1594.9444m
in the Lower and the Upper Montney, respectively. The number of wells that have
completed length data is 39 and 45 wells in the Lower and the Upper Montney,
respectively. However, the number of wells which have lateral length data is not sufficient
to provide good statistical analysis results.
3.2.9. Distribution of Average Closure Gradient. Figure 3.20 and Figure 3.21
show the distribution of average closure gradient in the Lower and the Upper Montney,
respectively. In both the Upper and the Lower Montney, the mean value of average closure
gradient was 21.4 KPa/m. However, there was not enough data to conduct statistical
analysis for Average Closure Gradient as, the number of wells with average closure
gradient data did not exceed 11 in the Upper and the Lower Montney.
3.2.10. Distribution of Completion and Drilling Cost. Figure 3.22 and Figure
3.23 show the distribution of total drilling and completion costs in the Lower and the Upper
Montney Formation, respectively. A comparison of the mean value of total completion cost
shows the operation costs are higher in the Lower Montney (K$ 3,831.3) than in the Upper
Montney (K$ 3,538.2). In both the Upper and the Lower Montney, there was insufficient
data to conduct statistical analysis for total drilling cost, where the number of wells that
have total drilling cost data did not exceed 12 in both the Upper and the Lower Montney
Formation.
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Figure 3.18. Distribution of Completed Length in Lower Montney.

Figure 3.19. Distribution of Completed Length in Upper Montney.
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Figure 3.20. Distribution of Average Closure Gradient in Lower Montney.

Figure 3.21. Distribution of Average Closure Gradient in Upper Montney.
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Figure 3.22. Distribution of Completion and Drilling Total Cost in Lower Montney.
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Figure 3.23. Distribution of Completion and Drilling Total Cost in Upper Montney.

3.2.11. Distribution of Fluid Base. The distribution of fluid base in the Lower and
the Upper Montney is shown in Figure 3.24 and Figure 3.25, respectively. In the Lower
Montney, 56% of the wells were completed with slickwater as the base fluid, while 47%
of wells in the Upper Montney were completed with slickwater as the base fluid.
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Figure 3.24. Distribution of Base Fluid in Lower Montney.

Figure 3.25. Distribution of Base Fluid in Upper Montney.
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3.3. ELIMINATION OF DATA OUTLIERS
Before doing the analysis, the outliers of the data in both the Upper and the Lower
Montney needed to be eliminated in order to get accurate results during the analysis. We
depended on the distribution of the data and box plot concept to refine the dataset and
identify outliers.
A box plot is a technique also referred as a box-and whisker diagram. It is a graph
of a dataset that consists of a line extending from the minimum value to the maximum
value, and a box with lines drawn at the first quartile, Q1; the median; and the third quartile,
Q3 ( Al-Alwani et al, 2015).
This simplest type of box plot displays the full range of variation from minimum to
maximum, the likely range of variation which is represented by the interquartile range
(IQR), and a typical value (the median). It is not unusual that a real dataset will display
surprisingly high maximums or surprisingly low minimums called outliers (Kirkman,
1996). John Tukey presented an accurate definition for two types of outliers(as cited in
Kirkman, 1996) :
1. Outliers are either 3×IQR or more above the third quartile or 3×IQR or more below
the first quartile.
2. Suspected outliers are slightly more central versions of outliers: either 1.5×IQR or
more above the third quartile, or 1.5×IQR or more below the first quartile.
If either type of outlier is present, the whisker on the appropriate side is taken to
1.5×IQR from the quartile (the "inner fence") rather than the max or min, and individual
outlying data points are displayed as unfilled circles (for suspected outliers) or filled circles
(for outliers). The "outer fence" is 3×IQR from the quartile (Kirkman, 1996).
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Figure 3.26 shows the main parts of a box plot diagram. The diagram on the left represents
a simple dataset with no outliers, while the diagram on the right represents a more
complicated dataset with existing outliers.

Figure 3.26. Box Plot Diagram (Kirkman, 1996).

The function of this step is to reduce the scattering in the data and increase the
regression value (R2) for each relationship while doing the analysis in both the Upper and
the Lower Montney Formation. The following subsections illustrate the elimination of the
parameters carried out during this study.
3.3.1. Elimination of the Outliers of Cumulative Gas Production/Cluster. There
is a total of 132 wells of wells in the database of the Lower Montney. We eliminated five
wells from data for the 6 months cumulative gas production per cluster and one well from
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the data for the 12 months cumulative gas production per cluster. The data for the 18
months cumulative gas production per cluster did not have outliers. Figure 3.27 shows
elimination of the outliers for 6, 12, and 18 months of cumulative gas production/cluster in
the Lower Montney.

Figure 3.27. Elimination the Outliers for 6, 12, and 18 Months of Cumulative Gas
Production/Cluster in Lower Montney.
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In the Upper Montney, there is a total of 164 wells in the database. Figure 3.28
shows the distribution of 6, 12, and 18 months of cumulative gas production/cluster in the
Upper Montney. There are no outliers in these data.

Figure 3.28. Distribution of 6, 12, and 18 Months of Cumulative Gas Production/Cluster
in Upper Montney.
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3.3.2. Elimination of the Outliers of Total Fluid Pumped/Cluster and Total
Proppant Placed/Cluster. Figure 3.29 shows the elimination of the outliers of total fluid
pumped per cluster and total proppant placed per cluster in the Lower Montney. We
removed two wells from the data of total fluid pumped per cluster and one well from the
data of total proppant placed per cluster.
While in the Upper Montney, we removed six wells from the total fluid pumped
per cluster data and eight wells from the total proppant placed per cluster data, as shown in
Figure 3.30.

Figure 3.29. Elimination of the Outliers of Total Fluid Pumped/Cluster and Total
Proppant Placed/Cluster in Lower Montney.
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Figure 3.30. Elimination of the Outliers of Total Fluid Pumped/Cluster and Total
Proppant Placed/Cluster in Upper Montney.

3.3.3. Elimination of the Outliers of Cumulative Gas Production/Stage. In the
Lower Montney, we eliminated seven wells from the data for 6 months cumulative gas
production per stage, eight wells from the data for 12 months cumulative gas production
per stage, and six wells from the data of 18 months cumulative gas production per stage,
as shown in Figure 3.31.
While in the Upper Montney, we removed six wells from the data for 6 months
cumulative gas production per stage, three wells from the data for 12 months cumulative
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gas production per stage, and five wells from the data for 18 months cumulative gas
production per stage, as shown in Figure 3.32.

Figure 3.31. Elimination of the Outliers of 6, 12, and 18 Months of Cumulative Gas
Production/Stage in Lower Montney.
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Figure 3.32. Elimination of the Outliers of 6, 12, and 18 Months of Cumulative Gas
Production/Stage in Upper Montney.
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4. ANALYSIS AND DISCUSSIONS

4.1. GRAPHICAL TECHNIQUE
After cleaning the scattering data from database, the analysis phase started to show
trends and relationships between the parameters. JMP provides a wide repository of bestpractice visualizations as part of the analysis output. Graph builder is the JMP tool used
most frequently in the analysis phase of this study.
Figure 4.1 presents the graph builder screen interface of JMP. As we can see, there
are several drop box regions for different variables. The analyst can interact with the graph
builder to create visualizations of the data by starting with drag and drop variables to place
them where desired. Graph elements supported by the graph builder include points, lines,
bars, histograms, box plots heat maps, and contours (Al-Alwani et al., 2015).

Figure 4.1. JMP Graph Builder Interface.
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The main drop zones, functions and descriptions within the graph builder are
presented in Table 4.1.

Table 4.1. JMP Graph Builder Main Drop Zones Descriptions (Al-Alwani et al., 2015).
JMP Graph Builder Drop Zones
Drop Zone
X, Y

Description
Variables drop zone to assign the X or Y role.
Subsets or partitions the data based on the variable or variables that

Group X

were selected. Displays the variable horizontally. Once a variable is
placed there, no variable can be placed in Wrap.

Group Y
Map Shape

Subsets or partitions the data based on the variable or variables that
were selected. Displays the variable vertically.
Drop variables there to create map shapes. If there is a variable in the
Map Shape zone, the X and Y zones disappear.
Subsets or partitions the data based on the variable or variables that

Wrap

were selected. Wraps the data horizontally and vertically. Once a
variable is placed there, no variable can be placed in Group X.

Freq
Overlay

Drop a variable there to use it as a frequency or weight for graph
elements that use statistics, such as mean or counts.
Groups the Y variables by the selected variable, overlays the
responses, and marks the levels with different colors.
The graph will be colored based on the drop variables. If a map or

Color

contour plot has been used, the map shapes or contours are colored. If
the graph contains points, the points will be colored.

Size

Scales map shapes according to the size variable, minimizing distortion.

Legend

Shows descriptions of graph elements.
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Once the data are graphically represented, conclusions will be drawn directly to
show the effects of completion parameters on production performance. To check the
reliability of the relationship between two parameters, regression value (R2) should be
presented with each graph. In addition, multi-dimensional relationships in the dataset with
independent grouping variables for side-by-side or overlaid views can be discovered and
recognized using Graph builder.
The effect of completion parameters on gas production performance using
graphical techniques are shown in the sub-section below.
4.1.1. Effect of the Average Number of Clusters on Cumulative Gas
Production per Cluster. The effect of the average number of clusters on 6, 12, and 18
months cumulative gas production per cluster in the Lower and the Upper Montney are
presented in Figure 4.2 and Figure 4.3, respectively. In the Lower Montney, the values of
R2 for 6, 12, and 18 months cumulative gas production/cluster were equal to 0.711, 0.69,
and 0.706, respectively. While in the Upper Montney, the R2 for 6, 12, and 18 months
cumulative gas production/cluster were equal to 0.65, 0.67 and 0.6, respectively. From the
R2, there is a good relation between the average number of cluster and cumulative gas
production/cluster which shows that by increasing the number of clusters (i.e., putting more
perforation intervals per stage), the cumulative gas production/cluster will be decreased.
To improve the relation between the average number of clusters and cumulative gas
production/cluster (i.e. increasing the value of R2), we grouped the data according to initial
gas production. The effect of the average number of clusters on 6, 12, and 18 months
cumulative gas production per cluster in both the Lower and the Upper Montney after
grouping the data according to IP gas are shown Figure 4.4 and Figure 4.5, respectively.
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R2=0.706

R2=0.690

R2=0.711

Figure 4.2. Effect of Average Number of Clusters on Cumulative Gas Production/Cluster
in Lower Montney.

R2=0.608

R2=0.655

R2=0.675

Figure 4.3. Effect of Average Number of Clusters on Cumulative Gas Production/Cluster
in Upper Montney.
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In both the Lower and the Upper Montney, the wells with low initial gas production
do not show a strong relation between the average number of clusters and cumulative gas
production/cluster. By increasing the initial gas production value, the value of R2 increases,
showing a strong relation between the average number of clusters and cumulative gas
production/cluster.

R2=0.171

R2=0.775

R2=0.928

R2=0.869

R2=0.892

R2=0.215

R2=0.790

R2=0.893

R2=0.882

R2=0.895

R2=0.299

R2=0.904

R2=0.938

R2=0.880

R2=0.878

Figure 4.4. Effect of Average Number of Clusters on Cumulative Gas Production/Cluster
in Lower Montney after Grouping the Data by IP Gas.
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R2=0.717

R2=0.759

R2=0.804

R2=0.696

R2=0.863

R2=0.640

R2=0.753

R2=0.897

R2=0.895

R2=0.830

R2=0.560

R2=0.850

R2=0.813

R2=0.871

R2=0.899

Figure 4.5. Effect of Average Number of Clusters on Cumulative Gas Production/Cluster
in Upper Montney after Grouping the Data by IP Gas.

To make the effect of the average number of clusters on cumulative gas production
per cluster more clear, we plotted the IP gas versus the 12-month cumulative gas
production/cluster for wells completed with one and three clusters per stage in both the
Upper and the Lower Montney, as shown in Figure 4.6. The green and blue dots represent
the wells completed with one cluster per stage in the Lower and the Upper Montney,
respectively. The purple and red dots represent the wells completed with three clusters per
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stage in the Lower and the Upper Montney, respectively. As we can see, the 12-month
cumulative gas production/cluster from the wells completed with one cluster/stage higher
than the 12- month cumulative gas production/cluster from the wells completed with three
clusters/stage in both the Upper and the Lower Montney.
For example, if we assume that two wells have the same IP gas of 4000 mscf/day,
one of them is completed with one cluster/stage and the other is completed with three
clusters/stage; We see that the 12-month cumulative gas production/cluster from the well
with one cluster/stage is equal to 970 mmscf/cluster while the 12-month cumulative gas
production/cluster from the well with three clusters/stage is equal to 290 mmscf/cluster.

Figure 4.6. Twelve Months Cumulative Gas Production/Cluster vs IP Gas in
Upper and Lower Montney.
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4.1.2. Effect of Actual Stage Number on Cumulative Gas Production per Stage.
Figure 4.7 and Figure 4.8 show the effect of actual stage number on 6, 12, and 18 months
cumulative gas production per stage after grouping the data by IP gas in the Lower and the
Upper Montney, respectively. The general trend is that putting more stages per well will
decrease the cumulative gas production/stage. The R2 values show that there is a good
relation between the actual stage number and the cumulative gas production/stage, except
for the wells with low initial gas production.

R2=0.482

R2=0.733

R2=0.526

R2=0.658

R2=0.783

R2=0.512

R2=0.748

R2=0.494

R2=0.711

R2=0.851

R2=0.445

R2=0.737

R2=0.677

R2=0.812

R2=0.857

Figure 4.7. Effect of Actual Stage Number on 6, 12, and 18 Months Cumulative Gas
Production per Stage after Grouping the Data by IP Gas in Lower Montney.
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R2=0.411

R2=0.717

R2=0.672

R2=0.687

R2=0.707

R2=0.445

R2=0.717

R2=0.706

R2=0.744

R2=0.748

R2=0.482

R2=0.668

R2=0.701

R2=0.755

R2=0.701

Figure 4.8. Effect of Actual Stage Number on 6, 12 and 18 Months Cumulative Gas
Production per Stage after Grouping the Data by IP Gas in Upper Montney.

4.1.3. Effect of Proppant Placed per Cluster on the Cumulative Gas Production
per Cluster. The effect of proppant placed per cluster on the 6, 12, and 18 months
cumulative gas production/cluster in the Lower and the Upper Montney is shown in the
Figure 4.9 and Figure 4.10, respectively. As we put more proppant/cluster, the cumulative
gas production/cluster increases.
In the Lower Montney, the values of R2 are equal to 0.568, 0.594, and 0.623 for 6,
12, and 18 months of cumulative gas production/cluster, respectively, and that indicates
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the

relation

between

total

proppant

placed/cluster

and

the

cumulative

gas

production/cluster is acceptable. While in the Upper Montney, the R2 values are equal to
0.62, 0.61 and 0.59 for 6, 12, and 18 months of cumulative gas production/cluster,
respectively, and that indicates that the relation between total proppant placed/cluster and
the cumulative gas production/cluster is not that strong.

R2=0.623

R2=0.594

R2=0.568

Figure 4.9. Effect of Proppant Placed/Cluster on the 6, 12, and 18 Months Cumulative
Gas Production/Cluster in Lower Montney.
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R2=0.594

R2=0.618

R2=0.622

Figure 4.10. Effect of Proppant Placed/Cluster on the 6, 12, and 18 Months Cumulative
Gas Production/Cluster in Upper Montney.

To strengthen the relation between the proppant placed/cluster and cumulative gas
production/cluster (i.e., increasing the value of R2), we grouped the data according to initial
gas production (IP Gas). The effect of proppant placed/cluster on 6, 12, and 18 months
cumulative gas production per cluster in both the Lower and the Upper Montney after
grouping the data according to IP Gas is shown in Figure 4.11 and Figure 4.12,
respectively.
In the Lower Montney, the wells with initial gas production (IP Gas) below 2049
mscf/day do not show a good relation between the proppant placed/cluster and cumulative
gas production/cluster. When the IP gas value increases and exceed 2049 mscf/day, the
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value of R2 increases and shows a strong relation between the proppant placed/cluster and
cumulative gas production/cluster.
In the Upper Montney, the wells that have high IP gas, the values of R2 are higher
and the relation between proppant placed/cluster and cumulative gas production/cluster is
good.

R2=0.089

R2=0.841

R2=0.724

R2=0.807

R2=0.814

R2=0.112

R2=0.832

R2=0.702

R2=0.773

R2=0.805

R2=0.162

R2=0.704

R2=0.740

R2=0.716

R2=0.732

Figure 4.11. Effect of Proppant Placed/Cluster on 6, 12, and 18 Months Cumulative Gas
Production/Cluster after Grouping the Data by IP Gas in Lower Montney.
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R2=0.552

R2=0.667

R2=0.819

R2=0.516

R2=0.808

R2=0.534

R2=0.640

R2=0.780

R2=0.702

R2=0.806

R2=0.419

R2=0.770

R2=0.629

R2=0.657

R2=0.795

Figure 4.12. Effect of Proppant Placed/Cluster on 6, 12, and 18 Months Cumulative Gas
Production/Cluster after Grouping the Data by IP Gas in Upper Montney.

Before explaining the effect of fluid pumped/cluster, we should illustrate the
relation between the proppant placed/cluster and the fluid pumped/cluster. Figure 4.13 and
Figure 4.14 show the relation between the proppant placed/cluster and the fluid
pumped/cluster in the Lower and Upper Monteny, respectively. In both the Lower and the
Upper Montney, we need to place more proppant/cluster as we pump more fluid/cluster.
The values of R2 of this relation are equal to 0.726 and 0.757 in the Lower and the Upper
Montney, respectively.
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R2=0.726

Figure 4.13. Proppant Placed/Cluster vs Fluid Pumped/Cluster in Lower Monteny.

R2=0.757

Figure 4.14. Proppant Placed/Cluster vs Fluid Pumped/Cluster in Upper Monteny.
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4.1.4. Effect of Fluid Pumped per Cluster on the Cumulative Gas Production
per Cluster. The effect of fluid pumped per cluster on the 6, 12, and 18 months cumulative
gas production/cluster in the Lower and the Upper Montney are shown in the Figure 4.15
and Figure 4.16, respectively. In both the Lower and the Upper Montney, the cumulative
gas production/cluster increases by pumping more fluid per perforation interval in each
stage till pumping 1500 m3. Pumping more than 1500 m3/cluster will reduce the
cumulative gas production/cluster.

R2=0.332

R2=0.304

R2=0.268

Figure 4.15. Effect of Fluid Pumped/Cluster on 6, 12, and 18 Months Cumulative Gas
Production/Cluster in Lower Montney.
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R2=0.375

R2=0.447

R2=0.397

Figure 4.16. Effect of Fluid Pumped/Cluster on 6, 12, and 18 Months Cumulative Gas
Production/Cluster in Upper Montney.

In the Lower Montney, the values of R2 are low and equal to 0.26, 0.3, and 0.332
for 6, 12, and 18 months of cumulative gas production/cluster, respectively. In the Upper
Montney, the values of R2 are higher than in the Lower Montney and equal to 0.397, 0.447,
and 0.375 for 6, 12, and 18 months of cumulative gas production/cluster, respectively.
From the values of R2, the relation between the fluid pumped/cluster and the cumulative
gas production/cluster is not that strong so we grouped the data by IP gas to strengthen this
relation by getting higher values of R2. Figure 4.17 and Figure 4.18 show the effect of fluid
pumped per cluster on the 6, 12, and 18 months cumulative gas production/cluster after
grouping the data by IP gas in Lower and Upper Montney, respectively.
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R2=0.583

R2=0.774

R2=0.847

R2=0.560

R2=0.334

R2=0.447

R2=0.736

R2=0.640

R2=0.509

R2=0.316

R2=0.292

R2=0.757

R2=0.622

R2=0.48

R2=0.332

Figure 4.17. Effect of Fluid Pumped/Cluster on 6, 12, and 18 Months Cumulative Gas
Production/Cluster after Grouping the Data by IP Gas in Lower Montney.

R2=1

R2=0.236

R2=1

R2=0.478

R2=1

R2=0.945

R2=0.431

R2=1

R2=0.635

R2=0.714

R2=0.947

R2=0.568

R2=1

R2=0.647

R2=0.01

Figure 4.18. Effect of Fluid Pumped/Cluster on 6, 12, and 18 Months Cumulative Gas
Production/Cluster after Grouping the Data by IP Gas in Upper Montney.

64
4.1.5. Effect of Proppant Placed per Stage on the Cumulative Gas Production
per Stage. The effect of proppant placed per stage on 6, 12, and 18 months cumulative gas
production per stage in the Lower and the Upper Montney is shown in Figure 4.19 and
Figure 4.20, respectively. In both the Upper and the Lower Montney, placing more
proppant/stage increases cumulative gas production/stage. However, the values of R2 do
not exceed 0.3, which does not indicate a strong relation between proppant placed/stage
and the cumulative gas production/stage.

R2=0.297

R2=0.235

R2=0.201

Figure 4.19. Effect of Proppant Placed/Stage on 6, 12, and 18 Months Cumulative Gas
Production/Stage in Lower Montney.
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R2=0.08

R2=0.107

R2=0.122

Figure 4.20. Effect of Proppant Placed/Stage on 6, 12, and 18 Months Cumulative Gas
Production/Stage in Upper Montney

In order to increase the reliability of the relation between proppant placed/stage and
the cumulative gas production/stage, we grouped the data in the Lower and the Upper
Montney according to IP gas as shown in Figure 4.21 and Figure 4.22, respectively.
However, grouping the data by IP Gas increases the R2 in the group that has low IP gas and
decreases the R2 in the group of wells with high IP Gas.
Before explaining the effect of fluid pumped/stage, the relation between the
proppant placed/stage and the fluid pumped/cluster should be noted. Figure 4.23 and Figure
4.24 show the relation between the proppant placed/cluster and the fluid pumped/stage in
the Lower and the Upper Monteny, respectively. As can be seen, more proppant/stage is
placed as we pump more fluid/stage in both the Lower and the Upper Montney. The values
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of R2 of this relation are equal to 0.701 and 0.806 in the Lower and the Upper Montney,
respectively.

R2=0.622

R2=0.654

R2=0.179

R2=0.128

R2=0.077

R2=0.644

R2=0.686

R2=0.208

R2=0.089

R2=0.193

R2=0.727

R2=0.385

R2=0.087

R2=0.032

R2=0.454

Figure 4.21. Effect of Proppant Placed/Stage on 6, 12, and 18 Months Cumulative Gas
Production/Stage after Grouping the Data by IP Gas in Lower Montney.
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R2=0.019

R2=0.007

R2=0.251

R2=0.312

R2=0.326

R2=0.006

R2=0.005
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R2=0.388

R2=0.675

R2=0.072

R2=0.002

R2=0.039

R2=0.434

R2=0.649

Figure 4.22. Effect of Proppant Placed/Stage on 6, 12, and 18 Months Cumulative Gas
Production/Stage after Grouping the Data by IP Gas in Upper Montney.

4.1.6. Effect of Fluid Pumped per Stage on the Cumulative Gas Production per
Stage. Figure 4.25 and Figure 4.26 show the effect of the fluid pumped /stage on 6, 12, and
18 months cumulative gas production/stage in the Lower and the Upper Montney,
respectively. In the Lower Montney, the effect of fluid pumped/stage on cumulative gas
production/stage is not clear. In the Upper Montney, pumping more fluid per stage will
increase the cumulative gas production/stage until 1000 m3, then the cumulative gas
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production/stage will decrease. However, the R2 does not exceed 0.3, indicating a weak
relation between the fluid pumped /stage and cumulative gas production/stage.

R2=0.701

Figure 4.23. Proppant Placed/Stage vs Fluid Pumped/Stage in Lower Monteny.

R2=0.806

Figure 4.24. Proppant Placed/Stage vs Fluid Pumped/Stage in Upper Monteny.
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R2=0.103

R2=0.149

R2=0.186

Figure 4.25. Effect of Fluid Pumped/Stage on 6, 12, and 18 Months Cumulative Gas
Production/Stage in Lower Montney.

R2=0.173

R2=0.231

R2=0.167

Figure 4.26. Effect of Fluid Pumped/Stage on 6, 12, and 18 Months Cumulative Gas
Production/Stage in Upper Montney.
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4.1.7. Effect of Fracture Spacing on the Cumulative Gas Production per Stage.
The effect of fracture spacing on 6, 12, and 18 months cumulative gas production/stage in
the Lower and the Upper Montney is presented in Figure 4.27 and Figure 4.28,
respectively. As we can see, the cumulative gas production/stage increases by putting more
space between stages. In the Lower Montney, the values of R2 are equal to 0.5, 0.453, and
0.477 for 6, 12, and 18 months cumulative gas production/stage, respectively. While in the
Upper Montney, the values of R2 are equal to 0.42, 0.417, and 0.445 for 6, 12, and 18
months cumulative gas production/stage, respectively.

R2=0.477

R2=0.453

R2=0.507

Figure 4.27. Effect of Average Fracture Spacing on 6, 12, and 18 Months Cumulative
Gas Production/Stage in Lower Montney
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R2=0.445

R2=0.417

R2=0.425

Figure 4.28. Effect of Average Fracture Spacing on 6, 12, and 18 Months Cumulative
Gas Production/Stage in Upper Montney

4.2. STATISTICAL TECHNIQUE
For statistical analysis, wells in the dataset were split based on pool data into two
groups: the Upper and the Lower Montney. For each group a statistical mean value was
calculated for several parameters of production, design, and cost, as shown in Table 4.2.
The mean is obtained by dividing the sum of observed values by the number of
observations, n. Although data points fall above, below, or on the mean, it can be
considered a good estimate for predicting subsequent data points. The formula for the
mean is given below as equation (1). (Andrew MacMillan et al. , 2006).
(1)
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Table 4.2. Mean Values of Parameters in Lower and Upper Montney Formation.
Parameter

Total End Drilling (K$)

Lower
Montney
Mean
1875.1

Upper
Montney
Mean
3538.2

Total End Completion Costs(K$)

3831.3

2445.2

Total Proppant Placed(t)

1139.9

1270.1

Proppant Placed/Stage(t/stage)

145.6

136.2

Proppant Placed/Cluster(t/cluster)

526.8

710.5

Total Fluid Pumped (m3)

8102.9

8021.9

Fluid Pumped/Stage(m3/stage)

970.094

843.9

Fluid Pumped/Cluster(m3/cluster)

3040.7

3157.6

Gas IP

Gas IP (mmscf/day)

3256.3

3526.3

Stage
number
Cluster/stage

Average Number of Stages

7.7

9.4

Average Number of Clusters

2.5

2.2

6 mo. Cum. Gas Production (mmscf)

457.1

418.4

12 mo. Cum. Gas Production
(mmscf)
18 mo. Cum. Gas Production
(mmscf)
6 mo. Cum. Gas Production/Stage
(mmscf/ stage)
12 mo. Cum. Gas Production/Stage
(mmscf/ stage)
18 mo. Cum. Gas Production/Stage
(mmscf/ stage)
6 mo. Cum. Gas Production/Cluster
(mmscf/ cluster)
12 mo. Cum. Gas Production/Cluster
(mmscf/ cluster)
18 mo. Cum. Gas Production/Cluster
(mmscf/ cluster)
Completed Length (m)

817.9

784.5

1101.9

1069.4

67.2

53.3

121.2

100.9

164.7

138.1

265.9

293.4

491.1

606.2

678.9

875.2

1374.3

1594.6

244.7

211.3

Cost

Design

Cumulative
Gas
production

Gas/Stage

Gas/cluster

Completed
length
Fracture
spacing

Fracture Spacing (m)
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Based on the value of parameters are shown in Table 4.2 , the differences between
the Upper and the Lower Montney completion are shown as follows:


Initial gas production (IP): IP of gas from wells completed in the Upper Montney
is higher than IP of gas from wells completed in the Lower Montney.



Cumulative gas production: 6, 12, and 18 months of cumulative gas production of
wells in the Lower Montney are higher than in the Upper Montney.



Cumulative gas production/stage: 6, 12, and 18 months of cumulative gas
production per stage of wells in the Lower Montney are higher than in the Upper
Montney.



Cumulative gas production/cluster: 6, 12, and 18 months of cumulative gas
production per cluster of wells in the Upper Montney are higher than in the Lower
Montney.



Actual stage number: the average stage number in the Upper Montney is higher
than in the Lower Montney, which indicates that more stage is used in stimulating
the wells in the Upper Montney than in the Lower Montney.



Clusters per stage: the average cluster number in the Lower Montney is higher than
in the Upper Montney which means that more perforation intervals per stage are
used in stimulating the wells in the Lower Montney than that in the Upper Montney.



Completed length: the completion length in the Upper Montney is longer than that
in the Lower Montney.



Fracture spacing: the results refer the trend of stimulating the wells in the Lower
Montney with fracture spacing higher than that in the Upper Montney.
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Total proppant placed: the mean value of total proppant used in stimulating the
wells in the Upper Montney is higher than that in the Lower Montney which could
be result from the differences in the lithology in the Upper and the Lower Montney.



Proppant placed/stage: the amount of proppant used in stimulating the wells for
each stage in the Lower Montney is higher than that in the Upper Montney.



Proppant placed/cluster: the amount of proppant used in stimulating the wells for
each cluster in each stage in the Upper Montney is higher than that in the Lower
Montney.



Total fluid pumped: the mean value of total fluid used in stimulating the wells in
the Lower Montney is higher than that in the Upper Montney.



Fluid pumped per stage: the mean value of total fluid pumped in each stage of well
in the Lower Montney is higher than that in the Upper Montney.



Fluid pumped per cluster: the mean value of total fluid pumped in each perforation
interval of the stimulated wells in the Upper Montney is higher than that in the
Lower Montney.



Total completion cost: Even the wells were completed in the Upper and the Lower
Montney are cased hole, the total cost of the completion in the Lower Montney is
higher than in the Upper Montney because of extra cost that resulted from extra
amount of proppant and fluid that used in stimulating the wells in Lower Montney.



Total drilling cost: the average cost of drilling well in the Lower Montney is lower
than that in the Upper Montney due to differences in lithology between the Upper
and the Lower Montney, which indicates fewer problems while drilling the well in
the Lower Montney.
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5. CONCLUSIONS

The main purpose of this study is to show the effect of completion parameters on
gas production performance in both the Upper and the Lower Montney. The main
conclusion of this study can be divided into two sections:

5.1. GRAPHICAL RESULTS
This part focuses on finding the effect of completion and stimulation parameters on
gas production performance. The conclusions from this part can be summarized as follow:


The main finding of this study is the effect of the number of clusters on production
performance in both the Lower and the Upper Montney formation. The analysis shows
that by adding more clusters per stage for specific wells, the cumulative gas production
per cluster will decrease.



Results of the analysis also show that cumulative gas production per stage decreases
by increasing the number of stages for each well. This result is close to what Al-Alwani
et al found in their study. They found that recovery per stage decreases by increasing
the number of stages.



The cumulative gas production/cluster increases with increasing the amount of
proppant/cluster in both the Upper and the Lower Montney.



In both the Upper and the Lower Montney, the cumulative gas production/cluster
increases by pumping more fluid/cluster until pumping approximately 1500 m3.
Pumping more than 1500 m3 will reduce the cumulative gas production/cluster.



In both the Upper and the Lower Montney, the cumulative gas production/stage
increases by increasing the fracture spacing between the stages.
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In both the Upper and the Lower Montney, the wells with high value of the initial gas
production (IP Gas) (roughly above 2 MMSCF/DAY) will give high R2 values.

5.2. STATISTICAL RESULTS
The statistical analysis uses the mean values of key parameters to compare and draw
contrasts between the Upper and the Lower Montney Formation. The conclusion from this
part can be summarized as follows:


The results show the trend of using more cluster per stage in the Lower Montney than
that in the Upper Montney.



The cumulative production/cluster and the initial gas production (IP Gas) from the
Upper Montney are higher than that in the Lower Montney.



In the Upper Montney, the amount of proppant placed /cluster and the total fluid
pumped/cluster are more than that in the Lower Montney.



In the Upper Montney, the amount of proppant placed /stage and the total fluid
pumped/stage are less than that in the Lower Montney.



The mean value of fracture spacing in the Lower Montney is higher than that in the
Upper Montney.



The cumulative gas production/stage from the Lower Montney is higher than that in
the Upper Montney.
For these reasons the productivity of the Upper Montney is higher than the

productivity of the Lower Montney and that led the petroleum industry to focus the
investment in the Upper Montney.
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The results of the comparison above also show the effect of completion parameters
on gas production performance in the Lower and the Upper Montney. Decreasing the
number of cluster and increasing the amount of proppant placed per cluster will increase
the cumulative gas production/cluster. In addition, reducing the number of stages and
increasing the fracture spacing will increase the cumulative gas production/stage. Finally,
increasing the amount of fluid pumped per cluster has limited effect on increasing the
cumulative gas production/cluster.
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6. FUTURE WORK

Grouping the wells geographically by adding the longitude and latitude
coordinates of each well in the database may possibly lead to more homogeneous groups
and more accurate results. This work can be done by using the geographical information
system (GIS). It is also helpful to see the distribution of the production’s sweet spots across
the Upper and the Lower Montney Formation.
Plotting the top 10% of the producing wells in the Upper and the Lower Montney
on the map will assist the investors and operators to identify the best production locations
in these areas. Further comparisons and classifications can be applied to the well parameters
in these particular areas to identify the best practices for future applications.
Additional information on proppant mesh size, type and concentration, and closure
pressure in the Upper and the Lower Montney Formation will also be good comparing
factors for the future studies.
Furthermore, building statistical fit model can also show the effect of completion
parameters together and the prediction of the future gas performance in the Upper and the
Lower Montney formation.
Additionally, sensitivity analysis could be applied to identify which completion
parameter has the highest significant effect on gas well performance.
Finally, building a simulation model using 3D StimPlan software can provide a
good comparison between completion performance in the Upper and the Lower Montney
Formation and verify results obtained in this study.
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